We find that plug-in hybrid electric vehicles (PHEVs) could significantly reduce automotive greenhouse gas (GHG) emissions and petroleum consumption, while improving energy security and urban air quality. Widespread PHEV adoption will depend upon technological and economic advances in batteries because the initial fuel savings do not rapidly compensate consumers for the capital costs of batteries today. For PHEV purchases to become economical to consumers, battery prices must decline from $1,300 per kilowatt-hour (kWh) to about or below $500/kWh, or U.S. gasoline prices must remain at about $5 per gallon-or the federal government must institute policy innovations with equivalent effects, such as policies to lower battery cost and increase battery lifetimes (e.g. a broad and sustained program of battery RD&D), or those to widen the difference between gasoline and electricity prices (e.g. changes in energy taxes). However, even before PHEVs become cost-effective consumers, their purchase can still be highly valuable to society if their significant GHG reductions can be
and hence promise to reduce transportation-related GHG emissions, improve urban air quality, reduce petroleum consumption, and expand competition in the transportation fuels sector. Several companies now offer to convert HEVs to PHEVs, and several automakers, notably General Motors, DaimlerChrysler, and Toyota, have announced PHEV development projects.
Fueling these announcements is the growing popular consensus that HEVs provide significant reductions in petroleum use and GHG emissions at small costs and the corresponding hope that PHEVs (as well as AEVs and fuel cell vehicles) may offer even more of these benefits. At least one prior study, however, found that neither the fuel savings from HEVs' increased efficiency nor the value to society of their lower emissions of air pollutants and GHGs offset their increased capital costs.
However, that study used U.S. fuel prices in its analyses, which are lower than those in many other developed countries, and thus this study is of declining relevance in a changing automotive market. 4 In any case, few consumers base their decisions about which vehicle to purchase primarily on the cost of fuel, and many are willing to pay a premium for the symbolic and environmental benefits of HEV ownership. 5 Like PHEVs, AEVs and fuel cell vehicles promise deeper reductions in emissions, but their higher capital costs make these reductions expensive. 6 One study, which compared the social costs of CVs and AEVs, concluded that the value of AEVs' reduced pollution only offsets the high cost of their batteries if the electricity is produced with very low air pollution; however, the CV emission rates in that study were up to an order of magnitude higher than the current standards in California. 7 Because capital costs similar to those for AEVs would be required to obtain the benefits of PHEVs' reduced GHG emissions, these findings suggest that we must be cautious before applying conventional wisdom about HEV cost-effectiveness to PHEVs.
Caution is warranted because PHEV batteries cost more than their HEV counterparts since they must store more energy. Until recently, only HEVs had been analyzed according to the costeffectiveness criterion; though now at least, one study has examined PHEVs along these lines as well.
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In the PHEV study, the authors found that, in the specific case of a compact car PHEV20 (that is, it can travel twenty miles using only grid-supplied electricity) under current market and policy conditions, the expected fuel savings from increased efficiency do not compensate consumers for the increased capital cost. Derek Lemoine reaches a similar conclusion despite using a real options approach to better value the fuel flexibility provided by PHEVs' batteries in a world of uncertain fuel prices. Therefore, PHEVs could be consigned to an insignificant market share, unless their symbolic benefits relative to those of HEVs become sufficiently strong, market conditions become sufficiently favorable, battery technologies become sufficiently cheaper, or policies are implemented that sufficiently support these new vehicles.
A separate consideration, which the authors of the PHEV study leave open, is PHEVs' costeffectiveness in reducing GHG emissions, measured in $/t-CO 2 -eq (dollars per metric ton of carbon dioxide equivalent). 10 This question is important because PHEVs' reduced emissions of GHGs (as well 10. Lemoine, Kammen, and Farrell (2008) .
as other pollutants) have real economic value to society, and hence governments, firms, or individuals might be willing to subsidize PHEV purchases to achieve these benefits-provided that the $/t-CO 2 -eq cost is not too great. The purpose of this chapter is to address this question, comparing PHEVs with other options for mitigating GHGs (for example, reforestation or improving building insulation) on a cost curve such as that found in the report by Jon Creyts and others. 11 Note that while we focus on
PHEVs' value as a strategy to abate GHGs, PHEVs also offer social benefits through reduced petroleum consumption and reduced urban air pollution that many other GHG abatement options will not. Any comparison of PHEVs with other abatement technologies on the basis of the metric $/t-CO 2 -eq is therefore incomplete. However, we consider only GHGs and leave other air pollutants for future research. Though we conclude that PHEVs are not currently a cost-effective means of mitigating
GHGs (see the section Break-Even Battery Costs), we find that they could become so under certain scenarios that we present below (see the section PHEV Cost-Effectiveness in Reducing GHGs, and Sensitivity Analyses). We conclude by discussing the commercial and policy implications of our results.
Methods and Results
We compare a CV, an HEV, and two PHEVs-one that can travel twenty miles using only gridsupplied electricity (called a PHEV20) and one that can travel sixty miles using only grid-supplied electricity (called a PHEV60)-in two models: compact car and full-size SUV, resulting in eight vehicle scenarios, following the assumptions made in prominent prior studies (see from the table that while PHEVs are much more efficient at using gasoline than are CVs, they are only slightly more efficient than HEVs, and thus almost all of the benefits of converting from HEVs to PHEVs lie in PHEVs' ability to switch fuels, allowing a portion of PHEVs' miles to be driven on cheaper and cleaner electricity. Note also that while these prior studies model PHEVs' gasoline-mode fuel economy as higher than that of HEVs, the opposite may turn out to be true because of the extra weight of the PHEVs' batteries.
Following the Electric Power Research Institute, we assume that PHEVs operate as AEVs over some number of miles, drawing power only from their batteries until the batteries are depleted, before switching to operation as a hybrid vehicle and drawing power from the gasoline engine. Such PHEVs would need batteries possessing the characteristics of both "energy batteries" (a type of battery that can store and deliver large amounts of energy over longer timescales) and "power batteries" (which can deliver large amounts of energy quickly for the high-power portions of the driving cycle).
Fuel Prices and Vehicle Purchase Incentives
The conditions under which PHEV owners would have an economic incentive to use electricity rather than gasoline are determined by the relative fuel efficiencies of each operational mode and the prices of the two energy sources. Following the methodology of Lemoine, Kammen, and Farrell, On the one hand, the higher efficiency of PHEVs and their ability to switch to a generally cheaper fuel result in cost savings over the lifetime of the vehicles that have the potential to offset PHEVs' higher capital cost and to incentivize their purchase. But because of utility tariff and tax structures, PHEV owners may pay electricity rates that are higher than the average rates, which would erode the vehicles' cost savings (see Lemoine, Kammen, and Farrell for a discussion of tariff and tax considerations). On the other hand, a "grid optimal" nighttime charging arrangement could enhance PHEV cost savings and take advantage of possibly idle low-GHG generation capacity (though there are several caveats-see the section GHG Emission Reductions). We therefore make the simplifying assumption of a constant $0.10/kWh electricity price along with a constant $2/gal gasoline price for our base case scenario, described in the section PHEV Cost-Effectiveness in Reducing GHGs, and Sensitivity Analyses.
Break-Even Battery Costs
Following the methodology of Lemoine, Kammen, and Farrell, we define the marginal fuel savings as the net present value (NPV) of a vehicle's fuel-savings cash flow relative to that of a comparison vehicle, and we divide these marginal fuel savings by the additional nominal battery capacity required by the first vehicle to obtain the break-even battery cost of the first vehicle relative to the second. The break-even battery cost is the price (in $/kWh) to which batteries must fall so that consumers can obtain an exact payback from the marginal fuel savings on their more expensive vehicle purchase [ Table 10 -1 about here]
GHG Emission Reductions
To determine the GHG emissions that are avoided by the use of HEVs and PHEVs, we use a well-towheels assessment of the transportation fuel sector called the Greenhouse Gases, Regulated Emissions, and Energy Use in Transportation (GREET) model. 18 Note that we do not include emissions from vehicle or battery manufacturing. 19 We update GREET with GHG emission data for the full fuel life cycles of a number of different power plant types. 20 Then we calculate the life cycle GHG emissions in units of g-CO 2 -eq/mile of each vehicle type when operating in gasoline mode and, when applicable, in electric mode. We present our results in table 10-2.
[set Table 10 critically on the type of electricity generation used to power the vehicles. We include the U.S. average and California average electricity grid mixes in the table for purposes of comparison, but because PHEVs represent new electricity demand and consume electricity produced by the marginal plant, in the short run it is incorrect to calculate the environmental impacts of PHEVs using average electricity emissions. In the long run, if PHEVs become numerous enough to lead to new investment in electricity generation, then an analysis using average emissions becomes more reasonable (in the absence of regulatory constraints on the GHG intensity of new power plants), but even under the most aggressive market penetration scenarios, this would not occur for five to ten years.
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The marginal power plant varies with time and location, but under the standard U.S. power system arrangement, it is often a thermal plant burning natural gas because the output of such plants can be controlled, making them "dispatchable." In contrast, nuclear power plants (as well as many coal plants) attempt to operate at maximum capacity at all times, though they may end up operating below capacity at night when demand is low. Many renewable electricity generators (such as wind or photovoltaic arrays, but not solar thermal; large-scale hydroelectric; or geothermal) must generate using whatever resource level is available and so cannot be dispatched, and they are often given the highest priority in the electricity system's loading order. percent, respectively). Thus, when the marginal plant is such a coal plant, it is better from a GHG perspective to drive either an HEV or (almost equivalently) a PHEV in gasoline-fueled hybrid electric mode rather than a PHEV in grid-supplied all-electric mode. In comparison with CVs running on gasoline, however, PHEVs charging from coal are the better option (though more so in the case of SUVs than compacts). These findings may have severe implications if electric utilities want to push PHEV charging into off-peak hours when coal-fired units may be the marginal plants in some U.S.
regions.
If PHEVs are operated on electricity generated by less GHG-intensive power plants, GHG reductions are greater. When the electricity is generated from a natural gas combined cycle (NGCC) power plant, compact and SUV PHEVs reduce GHG emissions by 54 percent and 61 percent, respectively, relative to their CV counterparts. For very low-GHG plants, such as IGCC plants with CCS, wind turbines, or nuclear plants, PHEVs can reduce GHG emissions by as much as 85 percent relative to CVs under average driving conditions and could reduce GHG emissions by nearly 100 percent when driven only in electric mode.
PHEV Cost-Effectiveness in Reducing GHGs and Sensitivity Analyses
We define the size of the subsidy that is necessary to incentivize PHEV purchases as the marginal vehicle cost minus the marginal fuel savings, assuming that expected fuel costs determine which type of vehicle a buyer purchases (CV, HEV, or PHEV) within a broader class of vehicles (compacts or SUVs) (see the section 2.3 Break-Even Battery Cost). If no subsidy is needed, we set the size of the subsidy at $0, precluding negative values for GHG abatement costs. As mentioned at the beginning of the chapter, consumers do not explicitly follow net present value calculations when they purchase vehicles, but the comparison between expected fuel savings and additional capital cost is an interesting one and may serve as a passable proxy for the general attractiveness of PHEVs. To measure the costeffectiveness of GHG mitigation, we divide the subsidy size for each vehicle option by its GHG reductions to obtain the GHG mitigation cost ($/t-CO 2 -eq). Note that while we discount future fuel savings, we do not similarly discount future GHG emission reductions. As we describe below, we conclude that neither HEVs nor PHEVs currently represent a cost-effective means of reducing GHG emissions, although under lower battery prices, less GHG-intensive electricity, or higher gasoline prices, certain types of PHEV could become cost-effective.
In the base case, we perform these cost-effectiveness calculations using the GREET model for PHEVs charging from an NGCC plant at an electricity price of $0.10/kWh and with a gasoline price of $2 per gallon, a battery price of $1,000/kWh, a discount rate of 16 percent, no battery replacement over the twelve-year lifetime of the vehicle, and no carbon price. 24 The cost-effectiveness of PHEVs' GHG abatement is determined by the size of the subsidy needed to persuade cost-conscious vehicle buyers to purchase the vehicles (the numerator in the $/t-CO 2 -eq cost expression) and by the GHG emission reductions achieved by the PHEV (the denominator in the $/t-CO 2 -eq cost expression). Thus, if we wanted to increase the cost-effectiveness, we could take actions to increase the numerator, decrease the denominator, or both.
We also perform a number of sensitivity analyses and find that the parameters whose variation produces the greatest change in cost-effectiveness are battery price ($200/kWh in the sensitivity analysis as compared with $1,000/kWh in the base case), electricity GHG intensity (with very low-GHG for wind-generated instead of NGCC-generated electricity), and gasoline price ($4 per gallon compared with $2 per gallon). We additionally perform a carbon price sensitivity analysis (no price compared with a $100/t-CO 2 -eq price) but find that it is not nearly as important as the other three parameters. We present these select results in table 10-3 and figure 10-1, which show how increasing subsidies encourage "transitions" to more efficient vehicles, which generally follow the CV-HEV-PHEV20-PHEV60 chain of increasingly efficient and increasingly expensive vehicles.
The battery price sensitivity analyses in table 10-3 and figure 10-1 illustrate the critical importance of low battery prices: without affordable batteries, the GHG emission reductions from PHEVs cost well over $100 per metric ton of carbon dioxide equivalent, which is expensive compared with a benchmark price of approximately $50/t-CO 2 -eq. 25 The sensitivity analyses for low-GHG electricity and for the gasoline price illustrate the importance of these parameters as well.
According to the carbon price sensitivity analysis, a $100/t-CO 2 -eq carbon price does not change GHG mitigation costs as significantly as do the other parameters. Additionally, because the effect of the carbon tax scales linearly with the size of the tax, the effect of a $10/t-CO 2 -eq tax would be 1/10 that of the $100/t-CO 2 -eq tax presented here. Thus we conclude that a carbon tax or economywide GHG cap-and-trade system would not be particularly helpful in making PHEVs a cost-effective option for GHG mitigation. Finally, we acknowledge that several of the assumptions outlined above probably make our direct abatement cost results a lower bound. Taking these considerations into account, then, would reduce PHEVs' cost-effectiveness further (that is, increase our calculated $/t-CO 2 -eq values).
However, the fact that PHEVs might turn out to be even less cost-effective than we have calculated here would not qualitatively change our conclusions because the break-even battery costs in table 10-1 are already rather ambitious in comparison with the current battery price of $1,300/kWh. That is, whether battery prices need to decline to $500/kWh (as our results suggest) or to a still lower level, the best strategy in either situation would be to undertake a broad and sustained portfolio of battery research and development (R&D).
[ Table 10 Note, however, that incentivizing the adoption of PHEVs before costs become sufficiently low or battery lives become sufficiently long could negatively affect the public's perception of the vehicles and thus impede widespread adoption. As attractive as PHEV technology is today, policymakers must remain cognizant of such trade-offs when considering the adoption of these types of policies.
At least one of the policies outlined above, the renewable portfolio standard (RPS), has been enacted in a number of jurisdictions, and other regulations, such as green electricity marketing, have been enacted or are being considered as well. The existence of such policies could affect our analysis because concerns over double counting make it unclear whether PHEVs would achieve the GHG abatement we have estimated. This is because renewable electricity production currently creates power as well as renewable energy credits (RECs), which are purchased by the utility to satisfy RPS requirements or by a particular customer to validate his or her purchase of renewable energy. If renewable or low-GHG power that is used to charge a PHEV creates a REC that is sold to some other party (such as the utility), then it may be deemed inappropriate to also assign the GHG emission reductions to the PHEV. In the long term, if pro-PHEV policies and technological advances prove successful and PHEVs become widely adopted, their increased electricity demand could have implications for the electric power sector, potentially changing the shape of the daily load curve and raising electricity prices. In our study of the impact of PHEV charging in northern California, we found that charging became important when PHEV adoption rates were very high, between 5 and 10 million PHEVs out of a fleet of some 17 million cars and light-duty trucks. 28 PHEVs could also have implications for the sector if their batteries were used to provide ancillary services to the grid because of the challenge of setting up and running such a service. Thus, managing the economic and environmental implications of PHEVs will be a major challenge that will require new technical, commercial, and regulatory interfaces. However, governments may be justified in undertaking a broad and sustained program of research, development, and demonstration of appropriate technologies, regulations, and policies because PHEVs have the potential to achieve such significant GHG reductions (even though they may prove rather costly without steep declines in battery prices and increases in low-GHG electricity generation). Advances in these areas could encourage the adoption of PHEVs in conjunction with the decarbonization of the electricity supply.
Promoting PHEVs by amending the federal Renewable Fuels Standard
Though several policies suggested above could reward PHEVs for greenhouse gas emission abatement, the prospect of double counting avoided emissions challenges some of the most sweeping measures, diminishing the basis of support for PHEVs. Meanwhile, the U.S. has already enacted a Renewable Fuel Standard (RFS) policy that deserves reconsideration in light of unintended consequences arising from competition for resources common to the production of food, fuel, forests, and feedstocks. These environmental and economic impacts are expected to intensify as refiners deliver an increasing volume of biofuels to meet the RFS mandate, and credit for the use of fuel electricity in PHEVs may be able to offer a compelling solution.
If the volumetric RFS were converted to a qualitative Low Carbon Fuel Standard (LCFS), the new policy could be structured to reward forms of transit with the very lowest GHG-per-mile, which generally include mass transit, reductions in vehicle-miles traveled, and the use of PHEV vehicles.
Despite the fact that several key lawmakers support a LCFS, leaders of the 110 th Congress that authorized the RFS through the Energy Independence and Security Act in 2007 have indicated little interest in revisiting that policy debate, which limits the extent of modifications that may be accomplished in the near-term.
The federal RFS obligates refiners to deliver a certain quantity of biofuels to market each year as an alternative to gasoline. The policy distinguishes between four categories of renewable fuels that are differentiated based on environmental attributes -and avoided greenhouse gas emissions in particular. Among them, the RFS reserves largest market quota for a category called "renewable biofuel," which is defined as a fuel with greenhouse gas emissions profile that is 20 to 50 percent less than gasoline. Refiners are required to increase purchases of renewable biofuels each year, reaching 15 billion gallons in 2022. However, the law also waives the basic environmental performance criteria of a 20 percent reduction in greenhouse gas emission relative to gasoline for 13.5 billion gallons of corn ethanol production capacity that was pre-existing or under construction at the time of passage. The RFS is then, in effect, a government mandate requiring refiners to buy all the corn ethanol production available from plants that were under construction in 2007, no matter how large the greenhouse gas footprint of the fuel cycle, and new studies indicate that the GHG impact of corn ethanol may be high enough to invalidate it as a renewable fuel under the RFS.
In an EPA study completed before the passage of the RFS, the only other transportation fuel source in the 20 to 50 percent GHG reduction range was electricity, which delivered a 46 percent reduction based on the national average carbon content of electricity. By allowing electricity to serve as a substitute to satisfy the renewable biofuel mandate in the RFS, the U.S. could accomplish the same energy security goals (reduced oil imports through reduced gasoline use) while improving its carbon footprint and also mitigating the detrimental impact that the RFS for corn ethanol is having on other markets as well as on the environment.
The key to this policy modification is the structure of compensation for major actors. If electricity used by PHEVs qualified as an RFS offset (namely a substitute) for the corn ethanol mandate, the blenders could claim a calculated credit of 4,600 gallons simply by reallocating money they would have spent on ethanol and instead paying automakers a fee. For example, the refiner could pay approximately $6,000 for every 100-mpg PHEV, avoiding $7,000 in ethanol purchases it would otherwise be mandated to make. 30 Furthermore, the federal government would be relieved from paying the equivalent of $2,100 for the avoided 4,600 gallons under the corn ethanol mandate, which could also be redirected to manufacturers of plug-in cars using fuel electricity. The total benefit to manufacturers of PHEVs could be $8,100 a vehicle, which would accomplish the policy imperative to cover the (diminishing) cost premium for the production of next-generation battery technologies. To accomplish this goal, the RFS would be modified to require or encourage fuel producers to pay this fee on the basis of PHEV sales through individual blender-automotive company deals, or, more simply, an 29. Although the fleet average today is roughly 23 mpg, we use a 30 mpg comparison as a target figure, assuming increases in Corporate Average Fuel Economy (CAFE) standards and because the "first adopters" may be purchasers of hybrid vehicles, who are already selecting from a higher mpg subset of available vehicles.
30. We suggest a value close to the total ethanol purchase, hence $6,000 out of a total fuel cost of $7,000, but higher and lower costs could be reasonably proposed and justified.
industry-wide payment scheme could be instituted to reflect PHEV sales to private individuals or fleets. The blenders would save because of a reduced need to purchase fuels, which are currently running at or above the cost of gasoline.
The policy would fit entirely within the budgetary framework of the existing RFS, with no net cost to the federal government. The net benefit to the blenders would be $1,000 per PHEV, which could be warranted as they drive the market for their core product out of the transportation sector altogether. Automobile manufacturers would receive a source of cash to drive down their costs, and even if none of the $7,000 payment from the blenders were passed onto consumers, the cost of conserved gasoline for PHEV drivers would still be less than half the present cost of gasoline. Finally, from a social benefit perspective, this addition of electricity as an alternative to ethanol in the RFS would be rewarding improvements in energy security, food security, and GHG emissions-all with one simple modification to an existing policy framework.
Concluding Summary
Plug-in hybrid electric vehicles (PHEVs) could significantly reduce automotive greenhouse gas (GHG) emissions and petroleum consumption, while improving energy security and urban air quality.
However, their widespread adoption depends upon technological and economic advances in batteries because fuel savings do not fully or rapidly compensate consumers for the capital costs of batteries today. In order for PHEV purchases to become economical to consumers, battery prices must decline from $1,300 per kilowatt-hour (kWh) to below $500/kWh, or U.S. gasoline prices must remain at roughly $5 per gallon-or the federal government must institute policy innovations with equivalent effects, such as policies to lower battery cost and increase battery lifetimes (e.g. a broad and sustained program of battery RD&D), or those to widen the difference between gasoline and electricity prices (e.g. changes in energy taxes).
However, even if PHEVs do not become economical for consumers, their purchase might still be valuable to society if their significant GHG reductions can be achieved cost-effectively (using a benchmark price of about $50/t-CO 2 -eq). 31 Using the GREET model, we determine that in order for
PHEVs' reductions to become cost-effective, either their purchase must approach near-economical levels-requiring the same policy innovations described above-or very low-GHG electricity must be used to power them, which would require policies to decrease the GHG intensity of electricity, such as renewable portfolio standards (as well as technologies and regulations to integrate PHEVs into an electricity grid with a greater proportion of intermittent renewables). Importantly, we determine that any carbon price would have to greatly exceed $100/t-CO 2 -eq in order to render PHEVs' reductions cost-effective, and hence a carbon price represents an impractical means of achieving this goal.
We additionally determine that given current technologies and prices, replacing full-sized conventional SUVs with hybrid (HEV) SUVs is actually a more cost-effective GHG abatement strategy than is subsidizing the adoption of compact car PHEVs. This is because conventional SUVs have such comparatively low fuel efficiency that the same percentage efficiency increase saves more fuel for SUVs than it does for compact cars. In the near term, then, policymakers could reduce the most GHG emissions by pursuing policies to encourage SUV hybridization (or efficiency increases in general). In the longer term, however, PHEVs could enable much greater GHG abatement, and hence the policy innovations described above-to lower battery cost and increase battery lifetimes, to widen the difference between gasoline and electricity prices, and to decrease the GHG intensity of electricity-appear justified.
Further, to immediately accelerate financial support for PHEV development and deployment, Congress could make a modest change to the new Renewable Fuel Standard, offering flexibility to refiners that are obligated to buy billions of gallons of ethanol to displace gasoline. Because the national average carbon content of electricity has a much smaller carbon footprint than corn ethanol, refiners could make a payment to PHEV manufacturers instead of ethanol producers, receiving RFS credits equal to the gallons of gasoline the PHEV would displace with electricity. AER = all-electric range (twenty miles for a plug-in hybrid electric vehicle or PHEV20, sixty miles for a PHEV60).
--Not applicable. a. See the sections on battery types and sizes, fuel prices and vehicle purchase incentives, and breakeven battery costs for details and assumptions of our calculations. b. EPRI (2001 EPRI ( , 2002 . c. Expanded from the methodology of Lemoine, Kammen, and Farrell (2008) . BTU = British thermal units; CCS = carbon capture and sequestration; IGCC = integrated gasification combined cycle; GHG = greenhouse gas; NGCC = natural gas combined cycle; PHEV20 = plug-in hybrid electric vehicle that can travel twenty miles using only grid-supplied electricity; PHEV60 = can travel sixty miles on grid-supplied electricity. a. The GHG abatement cost implied by the subsidy needed to persuade cost-conscious buyers of compact cars and sport utility vehicles (SUVs) to forgo conventional vehicles (CVs) for hybrid electric vehicles (HEVs), HEVs for plug-in hybrid electric vehicles with a twenty-mile all-electric range (PHEV20s), and PHEV20s for plug-in hybrid electric vehicles with a sixty-mile all-electric range (PHEV60s). The base case uses natural gas combined cycle (NGCC) generation for PHEVs' electricity, $1,000/kWh batteries, $2-a-gal gasoline, no carbon tax, $0.10/kWh retail electricity prices, a discount rate of 16 percent for fuel savings, a twelve-year vehicle lifetime, and no anticipated battery replacement. The other five scenarios are deviations from the base case. Vehicles are valued only on the basis of their fuel consumption (by consumers) and their GHG emissions (by the government). Vehicle characteristics and emission rates are as in tables 10-1 and 10-2. Some values (see table 10-3) are greater than $1,000/t-CO 2 -eq. 
